However, the modified flow geometry reveals important additional effects.
Using a model system with nearly hard-core interactions, we provide evidence of surprisingly strong viscoelasticity in such a colloidal fluid under tension. With high speed photography we also directly observe dilatancy and granulation effects, which lead to fracture above a critical elongation rate.
When the volume fraction (φ) of a colloidal suspension is increased beyond about 50%, its low-shear viscosity increases markedly, and beyond a critical shear stress the system often displays a shear-thickening or jamming transition [1] [2] [3] . Although the details of this behaviour depend on the nature of the interactions between particles, hard-sphere colloid suspensions represent an important limiting case in which the geometry rather than the energetics of particle contacts controls the behaviour. Whilst jamming transitions in such suspensions have been well investigated in simple shear flows, the same phenomena may be equally relevant in other flow geometries [4] [5] [6] .
In the physics of dilatancy 7 , the volume of a collection of particles must increase upon shearing to enable flow. This has been suggested as a possible mechanism for jamming in concentrated colloidal suspensions 6 . Dilation within a fixed volume of suspending liquid involves the formation of force transmitting 'clusters', whose growth eventually causes particles to encounter the air-liquid interface. This generates large capillary forces at the free surface, which can then balance the normal inter-particle forces and resist further motion. The colloidal particles can thus form spanning clusters in close contact, jamming the sample. This may then fracture into millimetre-scale 'granules' 6 . Colloidal granules can be jammed indefinitely by their capillary forces, even though the same volume of fluid and particles can equally well exist as a flowable droplet 6 .
Jamming of colloids is also seen in pipe and channel flows 4, 5 ; here free surfaces are not present. In an extensional rheometer however 8,9 a fluid sample initially forms a cylindrical column surrounded by air, bridging two parallel, horizontal plates. As the upper plate is retracted, a filament forms which narrows and eventually breaks. An elongational flow, in contrast to more conventional shear and pipe geometries, therefore implies an increase of the interfacial area during flow. Although purely elongational flow can be achieved by exponential plate separation, a constant separation speed (as used here) is closer to fibrespinning and other industrial processes. In these, a purely tensile loading evokes a mixed flow combining elongation and shear. The fundamental physics of colloidal jamming is therefore better addressed in model systems of nearly hard-sphere particles [3] [4] [5] [6] which are forced into contact by external stresses without the added complexities of ill defined interactions.
Here we present an experimental study of the stretching of concentrated suspensions of nearly hard-sphere (PMMA 4,5 ) particles. We observe that on increasing strain rate, the fluid column undergoes a transition from a liquid-like breakup to a fracture mode that we link to the dilatancy and jamming of the suspension. We also observe strong evidence of viscoelasticity in the liquid state close to this transition. These results show that a colloidal suspension with nearly hard-core particle interactions can exhibit jamming and brittle fracture under tensile loading of a fluid column. To investigate this jamming transition further, we studied its dependence on volume fraction. Figure 2 shows that, when φ is altered by only a few percent, the critical strain rate shifts by 2 or 3 orders of magnitude. The insets illustrate the morphologies in the transitional regime at different volume fractions. One might expect equivalent behaviour at similar points relative to the critical strain rate. However, qualitative differences are apparent: we see increasing asymmetry at high volume fraction φ (when suspensions often pull towards one edge of the rheometer), and also increasing lumpiness. The direction of symmetry breaking varies unsystematically from experiment to experiment (unrelated to loading and/or surfaces). The lack of symmetry becomes noticeable as the granules get sufficiently large compared to the flow geometry, thus making the fluid structure non-uniform. These changes at high φ correlate with the onset of remarkable viscoelastic effects (recoil) to which we return below.
Results

Strain rate dependent jamming transition
The shear contribution to thickening
To understand better our results for jamming of repulsive colloids under tensile stress, we recall that with linear plate separation the flow of our suspensions has a significant shear component, whose importance may depend on the sample geometry, extension rate, and volume fraction. In pure shear flow, dense hard sphere suspensions typically exhibit marked thickening within the studied range of volume fractions, and indeed, the φ dependence of the tensile jamming transition in figure 2 is very similar to that of the shear thickening transition reported in Frith et al 1 . We therefore performed traditional shear rheology on our own samples (figure 1). For φ=0.603 the suspension is strongly shear thinning at shear rates < 2 s -1 , whilst higher shear rates produce strong thickening. (Our results do not rule out a weak yield stress at very low strain rates, which is not relevant to the experiments reported here.) Comparing the critical rate of ~ 2 s -1 , to the results for extension (figure 2), we find good agreement. This supports the idea that the jamming transition in a colloidal fluid under tensile load, if not directly controlled by shear thickening, at least involves closely related physics.
Shear thickening in colloids can be hydrodynamically mediated, continuous and reversible 3 , but more typical for high volume fractions is the rather sharp onset shown in figure 2. This sudden thickening has been interpreted as stress-induced jamming 6 , where an applied stress that might otherwise promote a flow instead frustrates dilatancy and thus counter intuitively prevents flow.
Role of dilatancy in jamming
To test the contribution of dilatancy to our jammed state, we imaged the fluid surface during stretching (figure 3, supplementary movie 2). Dilatancy causes individual colloids to deform the fluid-air interface, which hence should undergo a macroscopic change from glossy to matt appearance In bulk suspensions, dilatancy at fixed volume fraction causes an increase in the nonequilibrium osmotic pressure (particle pressure), varying roughly as
with  the viscosity and .  the strain rate 14 . A simple quantitative estimate of the onset of granulation equates this to the Laplace pressure /D where  is the surface tension and D the column diameter. With φ =0.6, and also accounts for the decreasing trend with φ seen in Fig. 2 .
Elastic recoil of self-filtering filament
Having noted the role of dilatancy in the jammed state, we now return to describe a remarkable feature of the concentrated 'liquid-like' state. When a colloidal filament is stretched at a rate below the critical strain rate, it slowly narrows as fluid drains towards the end plates. However, at φ ≥ 0.603 and when the filament is less than 100µm across, we see evidence of strong 15 . However, figure 4 shows that on final approach to breakage and recoil there is a significant departure from this behaviour, with the filament diameter remaining almost constant in time. This is evidence for the development of enhanced resistance to flow of fluid out of the thinning neck 13 which we take to indicate the onset of jamming.
In the experimental geometry the filament undergoes not only tensile stretching from the moving plates but drainage caused by surface tension 15 .
This raises the possibility that jamming just prior to breakage in the fluid-like samples is caused by self-filtration 5 
Discussion
In this study we have investigated the flow behaviour of concentrated suspensions of nearly hard-sphere colloids under tensile loading. We showed that above a critical extension rate the fluid jams and dilates, exhibiting dramatic granulation and subsequent fracture closely related to shear-thickening and jamming in simple shear flow. We demonstrated that near this transition even the flowable liquid displays surprising viscoelastic properties.
Simple estimates were given that account for the order of magnitude of the critical extension rate and its decreasing trend with volume fraction, and for the onset of a second, distinct, transition to jammed behaviour in very thin filaments prior to the final breakup. These estimates imply that the second transition, but not the first, is strongly dependent on the particle size. We leave experimental tests of this to future work.
Whilst our work aims primarily at elucidating the physical mechanisms governing dense colloidal suspensions subject to extensional deformations, it is directly relevant to a variety of practical applications where a sample volume of a colloidal suspension is separated from the rest, such as in dispensing nozzles. For example, the viscoelastic recoil of the filament that is observed just after breakup may cause nozzle clogging, with obvious consequences for operation. Moreover, the different breakup regimes observed in our experiments imply that under certain conditions it is not possible to determine with precision the position where detachment occurs and hence the dispensed volume. We hope our study will promote further work on the physics of colloidal suspensions in flows, more complex than simple shear, that have such significant implications for quality control.
Methods
Sample Preparation
Experiments were performed with PMMA spheres (radius r ~ 604nm, 5% polydispersity) sterically stabilised by a chemically grafted poly-12-hydroxy stearic acid 18 Before use, and after each dilution, the particles were thoroughly mixed using a vortex whirlie mixer to ensure uniformity.
Extension measurements
Extension measurements were made using a HAAKE CaBER 1 Extensional
Rheometer. It consists of two parallel cylindrical stainless steel plates, 6mm in diameter and with an initial separation of 2mm. Suspensions were loaded into the rheometer to form a cylindrical column between the two plates, either by 14 using a spatula ( φ > 0.6 ) or using a 1ml luer lock syringe (φ < 0.6). In the latter case, solutions were drawn out and deposited slowly to prevent changes in the final volume fraction 5 . The plates are then separated at a constant velocity. All strain rates are quoted using the macroscopic separation of the end plates
. We note that this will in general be related in a highly nonlinear way to the strain rate at different points in the sample with a decreasing strain rate with increasing separation of the plates.
The stretching of the colloidal suspensions was observed using a high speed camera (MC1311, Mikotron) equipped with a Sony 18-108 mm/f2.5 zoom lens and a 30mm extension tube at frame rates from 50 to 500fps. Back illumination was provided by a 4W Philips white light viewed through a simple diffuser. However, for high magnification imaging of the filament surface, the LED was arranged so as to reflect back off the solution. The images were captured using a x2.5 zoom lens (Edmund Optics VZM450i).
Shear rheology measurements
Shear rheology measurements were performed using a cone-plate rheometer, cone diameter 4cm, cone angle 2 degrees. 
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